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Background. Learning to play a musical piece is a prime example of complex sensorimotor learning in humans. Recent studies
using electroencephalography (EEG) and transcranial magnetic stimulation (TMS) indicate that passive listening to melodies
previously rehearsed by subjects on a musical instrument evokes differential brain activation as compared with unrehearsed
melodies. These changes were already evident after 20–30 minutes of training. The exact brain regions involved in these
differential brain responses have not yet been delineated. Methodology/Principal Finding. Using functional MRI (fMRI), we
investigated subjects who passively listened to simple piano melodies from two conditions: In the ‘actively learned melodies’
condition subjects learned to play a piece on the piano during a short training session of a maximum of 30 minutes before the
fMRI experiment, and in the ‘passively learned melodies’ condition subjects listened passively to and were thus familiarized
with the piece. We found increased fMRI responses to actively compared with passively learned melodies in the left anterior
insula, extending to the left fronto-opercular cortex. The area of significant activation overlapped the insular sensorimotor
hand area as determined by our meta-analysis of previous functional imaging studies. Conclusions/Significance. Our results
provide evidence for differential brain responses to action-related sounds after short periods of learning in the human insular
cortex. As the hand sensorimotor area of the insular cortex appears to be involved in these responses, re-activation of
movement representations stored in the insular sensorimotor cortex may have contributed to the observed effect. The insular
cortex may therefore play a role in the initial learning phase of action-perception associations.
Citation: Mutschler I, Schulze-Bonhage A, Glauche V, Demandt E, Speck O, et al (2007) A Rapid Sound-Action Association Effect in Human Insular
Cortex. PLoS ONE 2(2): e259. doi:10.1371/journal.pone.0000259
INTRODUCTION
Interest in the functional linkage between the auditory and motor
systems has increased in the last few years. Auditory-motor
integration has been investigated in musical performance and
training, and in connection with every-day action-related sounds
[1,2]. For instance, silent tapping of a violin concerto has been
found to be associated with greater activation of the primary
auditory cortex in professional musicians than in non-musicians
[2], suggesting a functional link from the motor to the auditory
system that is sensitive to training. Conversely, there is also
evidence for a functional link from the auditory system to the
motor system: For instance, passive listening to action-related
sounds such as the sound of ripping a sheet of paper activates a left-
hemispheric temporo-parieto-premotor circuit that includes the
supplementary motor area (SMA) and Broca’s area. This finding
has been interpreted in favor of the existence of an ‘auditory
mirror neuron system’ in humans [1]. The sound-action associa-
tions investigated in this study were evolutionarily novel, and it has
therefore been argued that the observed ‘mirror’ activations reflect
learned associations between novel actions and their sounds that
were established over a long time before the actual experiments
[1].
Recent studies have addressed the question of how processing of
auditory stimuli changes following acquisition of sound-action
associations. Bangert and colleagues [3] investigated cortical
activation patterns using DC-EEG-recordings obtained in subjects
who listened passively to a musical piece before and after learning
to play the piece on the piano. The recordings showed wide-spread
EEG potential changes over fronto-parietal areas that were
already present after the first training session. The authors inter-
preted their findings as an indication of auditory sensorimotor
co-activation. Using a similar learning paradigm, we investigated
non-musicians who were instructed to learn simple melodies on
a piano with their right hand [4]. Single pulse-induced motor
evoked potentials (MEPs) obtained by stimulation above the left
hemisphere were recorded from the first dorsal interosseus muscle
of the right hand prior to and after the learning procedure while
subjects listened passively to the learned melodies, unknown
melodies, and to white noise. We found a trend toward greater
amplitudes of MEPs during the exposure to learned melodies than
during exposure to novel melodies or noise. Also using TMS,
D’Ausilio and co-workers [5] compared motor cortical excitability
during passive listening to previously rehearsed piano melodies
with passive listening to control melodies. This study also
demonstrated motor cortical excitability changes for the rehearsed
compared to the unrehearsed piece.
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The techniques used in these previous studies allow however
only a limited assessment of the exact cortical networks that
generate the observed effects. EEG signals measured on the scalp
surface as in the study of Bangert and colleagues [3] do not directly
indicate the exact number and position of the underlying
generators. This is due to the blurring effect of the interposed
volume conductor and the ambiguity of the resulting electromag-
netic inverse problem [for a recent review see [6]]. TMS
procedures as used in the studies cited above [4,5] evaluate
neuronal excitability only in the few square cm of cortex that are
directly targeted by the stimulation coil [7,8]. The results obtained
do not indicate which subcortical and/or up-stream cortical areas
shape the observed motor cortical excitability changes.
In view of the preceding considerations, the aim of the present
study was to apply an imaging method with high localization
accuracy in order to determine the brain areas responsible for the
differential brain responses to rehearsed musical pieces. Using
functional magnetic resonance imaging (fMRI), we investigated
healthy subjects during the presentation of actively and passively
learned piano melodies. Our results provide the first evidence that,
compared with passively learned melodies, actively learned
melodies evoke increased fMRI responses already after training
periods of 30 minutes or less in the left anterior insula overlapping
the insular sensorimotor hand representation area.
METHODS
Subjects
Ten subjects without any previous experience in playing the piano
and without any other professional music education took part in
this study (5 females, 5 male, mean age = 27.1 years, age range=
20–41 years) after giving written informed consent. The study was
approved by the ethics committee of the University of Freiburg,
Germany. All participants were healthy, with no past history of
psychiatric or neurological disease or hearing problems. Subjects
were right-handed according to the Edinburgh Handedness
Inventory [9]: mean=89.3%, range= 67–100%.
Stimuli and Procedure
Subjects learned with their right hand to play two simple melodies
on a piano (Fig. 1). Five subjects learned melodies 1 and 4 and five
subjects learned melodies 2 and 3 by rehearsing the melodies, that
is, by alternating between listening and playing (‘actively learned
melodies’). Subjects were blindfolded to ensure that learning relied
on auditory feedback. Additionally, subjects were familiarized with
two other melodies without playing them (‘passively learned
melodies’). The experimental set-up consisted of a Yamaha
Disklavier connected to a computer. The melodies were presented
using Cubase VST/32 R.5 (Steinberg) software. The learning
criterion for each melody was to be able to play the tune twice
without making a mistake. After fulfilling the learning criterion for
the first melody, subjects learned to play the second melody. In
addition, subjects learned the remaining two melodies passively by
listening to each melody 10 times (‘passively learned melodies’). To
ensure that actively and passively learned melodies had the same
degree of familiarity, we conducted a performance test for
familiarity: the four melodies were presented in random order
and slight variations were built into 7 of the 15 repetitions of each
melody. This was achieved by shifting the pitch of a single note in
the first, the second or the third bar to either a note higher or
a note lower than in the original version. Subjects were required to
indicate with a computer mouse whether the melodies corre-
sponded with the original version of the melody or not. No
feedback was given as to the correctness of the subjects’ answers.
The stimuli of the performance test for familiarity were presented
to the subjects using in-house developed software and the sound
module of the Yamaha Disklavier with headphones (Hanumpa,
Digital Pro-H700, Tempest). Together, the learning phase and the
detection task lasted approximately 60 minutes. After a time
interval of 20 minutes, an fMRI experiment was conducted, in
which the actively and passively learned piano melodies (wave
files) were presented in random order via magnetic resonance
compatible headphones (Nordic Neuro Lab Norway) to the
subjects, using an in-house developed presentation software.
Subjects viewed a fixation cross during the experiment and were
instructed to listen attentively to the music and to avoid any overt
movement. Each stimulus began with a written instruction
presented on the screen (‘music starts’). Each melody was
presented 10 times, and lasted 9 seconds. After each melody pres-
entation a period of 15 sec. without music presentation followed.
Functional and structural measurements lasted 25 minutes.
After the fMRI measurement subjects self-assessed valence
(ranging from 0=unpleasant to 6 = pleasant) and arousal (ranging
from 0= calming to 6= arousing) of the actively and passively
learned melodies. In addition, participants rated their tendency to
execute hand movement, to imagine hand movement (both
ranging from 0=none, 1= rarely, 2 = frequently, to 3 = all the
time) and mode of movement imagination (ranging from
0=purely visual, 3 = visual and kinaesthetic to 6 = purely
kinaesthetic). Lifetime musical education was assessed using
a questionnaire translated and modified from Litle and Zucker-
man [10] to ensure that subjects had not played the piano before
the experiment.
An analogous experimental procedure has been successfully
used in a previous pilot study using transcranial magnetic stimula-
tion (TMS) [4]. Preliminary results of the present fMRI study have
previously been presented in abstract from [11].
Magnetic Resonance Imaging
Functional and structural images were acquired on a 3T scanner
(Siemens Magnetom Trio, Erlangen, Germany). Structural T1-
weighted images with 1 mm isotropic resolution were obtained
using the MPRAGE sequence. Functional images were acquired
using a multislice gradient echo planar imaging method (EPI).
Within 44 sagittal slices the entire brain was included (TR
3000 ms, TE 30 ms, 90u flip angle, 3 mm isotropic resolution).
Phase encoded direction was anterior-posterior. The sagittal slice
orientation resulted in significantly lower acoustic noise generated
by the imaging gradients, enabling a better auditory stimulus
Figure 1. Active/passive melody learning task. Subjects learned to
play two unknown melodies on a piano (actively learned melodies,
marked ‘A’) and were passively familiarized with two other melodies
(passively learned melodies, marked ‘P’). The assignment to the two
learning conditions was balanced across subjects.
doi:10.1371/journal.pone.0000259.g001
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perception. In addition, this orientation in combination with the
thin slice thickness reduced the signal loss to give more reliable
detection of activation.
Accurate registration of the functional and structural images
was ensured by correcting the EPI data for geometric distortions
[12]. The distortion field was derived from the local point spread
function in each voxel determined in a one minute reference scan.
Prior to distortion correction, the data was motion corrected by
registration to the position of the reference scan. Motion and
distortion correction were performed online during the recon-
struction process.
MRI Data analysis
The data of the subjects’ ratings and the detection rate of melody
variations in the performance test for familiarity were analyzed
with SPSS 13.0 by calculating non-parametric tests (sign test). For
spatial pre-processing and statistical analyses of the functional MR
data, the statistical parametric mapping software package (SPM5,
Wellcome Department of Cognitive Neurology, London, UK) was
used. All functional images were realigned to the mean EPI
volume, normalized into standard stereotaxic space (MNI
template provided by the Montreal Neurological Institute), and
smoothed using an 8 mm full-width-at-half-maximum (FWHM)
Gaussian kernel. The two music conditions were modeled with
a box-car function convolved with a canonical hemodynamic
response function in the General Linear Model of SPM5. A high-
pass filter with a cut-off of 1/128 Hz was applied to the voxels’
time series. For the statistical analysis, t-contrast images of actively
learned.passively learned melody presentation were calculated at
the individual level and were used for the random effects second-
level analyses (one sample T-test). Additionally, we calculated
group level regression analyses with the following parameters as
regressors: (1) the subjects’ rating of their tendency to movement
imagination, (2) the total number of learning trials needed by each
subject to reach the learning criterion for the actively learned
melodies, and (3) the difference of correctly identified variations
for the actively learned melodies minus for the passively learned
melodies (‘familiarity difference’),
For the main contrast of interest, namely listening to actively.
passively learned melodies, we report results at p,0.005, k.100,
and Z-score.3.0 in the a priori regions of interest. As summarized
in the introduction, the results of previous studies indicate a
sensorimotor co-activation when listening to rehearsed pieces. We
therefore defined as our a priori region of interests the sensorimotor
cortical regions subserving hand motor control (including the
primary, premotor, supplementary motor, and cingulate motor
areas, as well as the sensorimotor region of the insula and fronto-
opercular cortex [13]). There were no activations in the correla-
tion analyses at this threshold. In addition, we show whole brain
results at a lower statistical threshold of p,0.05, k.=50, and Z-
score.2.25. To assign peaks-activations to anatomical areas, the
SPM Anatomy Toolbox [14] was used. For each BOLD signal
change peak the corresponding macro-anatomically defined brain
region, the probabilities of belonging to the currently available
micro-anatomically defined brain areas, and the maximum-
probability-map [15] based peak assignment to the probabilistic-
anatomical maps were determined.
Meta analysis of previous insular movement related
fMRI activation
To delineate the region of the insular cortex showing consistently
hand movement-related fMRI activation, a meta-analysis of
previous fMRI studies was carried out. Studies included in the
meta-analysis had to fulfill the following criteria: (1) they had to
report hand or finger movement-related BOLD signal changes in
right-handed healthy adult subjects, (2) coordinates had to be
given either in Talairach or in MNI (Montreal Neurological
Institute) space. 20 studies meeting these criteria were surveyed
[16–35]. In total, 42 stereotaxic coordinates (23 on the left, 19 on
the right hemisphere) were analyzed. Talairach coordinates were
translated to match the MNI space. The reported foci were treated
as localization probability distributions centered at the given Y and
Z peak coordinates [36]. The probability distribution was modeled
by two dimensional Gaussian functions with 8mm FWHM both in
the Y and Z direction. Since the included functional imaging data
was preprocessed by spatial filtering using Gaussian kernels, this
use of Gaussian functions yields an approximation of the volumes
underlying the published peak data. The FWHM of 8 mm used
for this analysis is within the range of the smoothing filters used in
the original studies included in the meta-analysis (from 4 mm to
12 mm). Subsequently an ‘activation likelihood estimate’ (ALE)
[36], given by the union of the probabilities associated with the
different foci, was calculated for an area comprising the whole Y
and Z extent of the insular cortex. The later was determined by
manual segmentation from the T1-multi-subject template pro-
vided with SPM5.
RESULTS
Across subjects, the mean number of learning trials needed to
reach the learning criterion for both of the actively learned
melodies was 20.5 (range 10 to 40 trials). There was no significant
difference between the learning trials needed for the first and
second melody (p.0.6). First learned melody: mean= 10.4 trials,
SD=5.4 trials; second learned melody: mean=10.1 trials,
SD=5.86. In six subjects, the number of learning trials was equal
for the first and second melody. Two participants needed more
and two subjects fewer learning trials for the second as compared
with the first melody. There was no significant difference between
the number of learning trials for the passively learned melodies (i.
e. 10 trials for each melody) and the number of learning trials for
the actively learned melodies (sign test, p.0.3). Due to the longer
intervals between consecutive melody presentations, the mean
total duration of the active learning part of the experiment was
longer than the total duration of the passive learning part
(15.5 min vs. 8.4 min).
The results of the melody-variation detection task are given in
Fig. 2. Mean number of correctly identified pieces for the actively
learned melodies was 28.3 (SD=2.0) and for the passively learned
melodies 27.2 (SD=2.66). This tendency to a slightly higher
detection rate in the actively learned melodies was not significant
at p,0.05 (p= 0.0625, paired sign test).
Mean valence and arousal ratings for the actively learned melo-
dies were 2.6 and 2.4, for the passively learned melodies 2.5 and
2.3. There were no significant differences for arousal and valence
ratings between the actively and passively learned melodies at
(p.0.9). All subjects rated their tendency to movement execution
as ‘none’, consistent with the visual inspection of the subjects by
the experimenter. Mean rating of the tendency to movement
imagery was 1.0 (corresponding to ‘rarely’); the mode of imagery
was rather visual than kinaesthetic (mean 0.87).
Larger BOLD effect during listening to the actively than during
listening to the passively learned melodies was found in the left
anterior insula (we report results at p,0.005, k.100, Z-score.3.0
uncorrected for multiple comparisons in the a priori regions of
interest, e.g. the cortical motor areas, Fig. 3). The activation cluster
comprised 147 voxels (cluster level P-value for a priori region of
interest 0.006) and showed three local maxima with a Z-score.3.0
Rapid Sound-Action Association
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(see Tab. 1) in the anterior insular cortex. The cluster also
extended into the adjacent inferior frontal gyrus/pars opercularis.
Additionally, peak locations of BOLD signal changes in the same
contrast at a lower threshold (p,0.05, Z.2.25, k.50) are given in
Tab. 1. Brain regions with peaks observed at this lower threshold
included the middle temporal gyrus and Broca’s area.
There were no significant effects at the high threshold
(p,0.005, k.100, Z.3.9) in the correlation analyses with ratings
of tendency to movement imagination, number of learning trials,
and familiarity differences between the two classes of melodies. At
the lower threshold (p,0.05, Z.2.25, k.50), results from the
correlation analyses with the subjects’ ratings of their tendency to
movement imagination are summarized in Tab. 2. Areas with
a positive correlation to imagination ratings included the primary
visual, primary somatosensory, and primary motor area. Positive
regression with the number of learning trials needed to reach the
learning criterion showed predominantly sub-cortical effects,
especially in the cerebellum (Tab. 3), while negative correlations
with the number of learning trials were observed pre-dominantly
in cerebral cortical areas, in particular in the dorsal premotor
cortex (Tab. 4). Finally, a correlation with familiarity differences
between actively and passively learned melodies was, among other
areas, found in Broca’s area (BA 45, Tab. 5). Importantly, even at
the low statistical threshold, none of the correlation analyses
showed effects in the anterior insular cortex.
The activation likelihood estimate (ALE) map obtained from the
meta-analysis of hand movement-related fMRI responses in the
insular cortex is shown in Fig. 4. Highest ALE values were found
in the region of the anterior insular cortex ranging from approx.
Y= 0 to Y= 20 and Z=210 to Z= 10. This region included
activation found in the actively learned.passively learned contrast
in our study (peak ‘2’ in Fig. 4).
DISCUSSION
In the present study we show a change in sound-elicited brain
activations when the same sounds are associated with active hand
movement, and that this effect is evident already after a short
(30 minutes and less) time of training. To investigate sound-action
association effects, we used a paradigm in which subjects learned
to play two simple melodies on the piano. Brain responses
associated with listening to these ‘actively learned melodies’ were
compared with those associated with ‘passively learned melodies’,
that is, melodies with which subjects were familiarized by passive
listening only. We found significantly increased fMRI responses to
the actively learned melodies in the left anterior insular cortex,
overlapping the insular sensorimotor hand representation area as
determined by meta-analysis of published hand movement-related
insular fMRI responses [16–35].
Our finding of a singular activation site stands in contrast to the
extended temporo-parieto-premotor circuit that has been de-
scribed in a recent fMRI study [1] as activated during listening to
everyday manual action-related sounds. But at a lower statistical
threshold we found effects in a more widespread temporo-frontal
network that included the right middle temporal gyrus, as also
found by Gazzola and colleagues [1]. The differences between the
cortical network in our vs. Gazzola et al’s study (e.g. the involve-
ment of posterior parietal areas in the latter) might in part be due
to different responses to simple everyday action sounds, such as
ripping a sheet of paper, than to sounds associated with finger
Figure 2. Melody-Variation-detection task. For each of the ten
subjects, the number of correctly identified melodies (either as original
or as variation) is given in red for the actively learned melodies and in
blue for the passively learned melodies. The total number of trials for
each case was 30. The difference between correct trials for the actively
and passively learned melodies was used for a correlation analysis to
evaluate familiarity effects in the functional data (see below).
doi:10.1371/journal.pone.0000259.g002
Figure 3. Differential responses to actively and passively learned
melodies. Increased BOLD effect in response to the actively learned
melodies compared with the passively learned melodies was located in
the left anterior insula, extending to the deep fronto-opercular cortex
(p,0.005, k.100, Z-score.3.0, slices are at x =239 and y = 9).
doi:10.1371/journal.pone.0000259.g003
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Table 1. For each BOLD signal change, peak MNI-coordinates and z-score are given.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MNI-Coordinates (x/y/z) Z-Scores Brain region Probability Assigned to
230 30 6 3.39 Left Insular Cortex (*) – –
239 9 23 3.29 Left Insular Cortex (*) – –
236 24 0 3.03 Left Insular Cortex (*) – –
60 245 0 3.23 Right Middle Temporal Gyrus – –
30 260 9 3.00 Right Calcarine Gyrus Area 17: 20% –
242 12 9 2.96 Left Inferior Frontal Gyrus (pars opercularis) Area 44: 30% –
227 45 24 2.29 Left Anterior Middle Frontal Gyrus – –
21 26 51 2.95 Left Premotor Cortex Area 6: 20% –
57 18 30 2.93 Right Inferior Frontal Gyrus (pars Opercularis) Area 44: 50% Area 44
63 9 21 2.81 Right Precentral Gyrus Area 6: 20%; –
Area 44: 20%
42 12 30 2.32 Right Inferior Frontal Gyrus (pars Opercularis) Area 45: 10% –
36 12 227 2.77 Right Temporal Pole – –
26 15 36 2.58 Left Middle Cingulate Cortex – –
57 215 26 2.31 Right Superior Temporal Gyus – –
The corresponding brain region and the probability and assignment to a probabilistic-anatomical map is displayed as calculated with the SPM Anatomy Toolbox [14].
Three peaks in left insular cortex (*) were activated by listening to actively learned melodies in contrast to listening to passively learned melodies at the following
statistical threshold: p,0.005, K.100, Z-scores.3.0. Table 1 also shows additional peaks activated by the same contrast at a lower statistical threshold: p,0.05, K.50,
Z-scores.2.25.
doi:10.1371/journal.pone.0000259.t001..
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Table 2. Summary of peak locations of BOLD signal change correlated to the subjects’ tendency to movement imagination
(p,0.05, K.50, Z-scores.2.25).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MNI-Coordinates (x/y/z) Z-Scores Brain region Probability Assigned to
39 266 27 2.88 Right Middle Occipital Gyrus – –
29 254 27 2.6 Left Precuneus – –
24 242 26 2.48 Right Parahippocampal Gyrus – –
30 227 26 2.33 Right Hippocampus Hippocampus (FD): 10%; –
Hippocampus (CA): 10%
221 239 48 2.31 Left Somatosensory Cortex Area 3a: 40%; Area 3a
Area 3b: 10%
236 12 230 3.7 Left Temporal Pole – –
254 6 227 2.77 Left Middle Temporal Gyrus – –
230 296 18 3.17 Left Occipital Cortex – –
221 293 26 2.44 Left Occipital Cortex Area 18: 30%; –
Area 17: 20%
245 269 21 2.39 Left Middle Temporal Gyrus – –
239 275 39 2.28 Left Middle Occipital Gyrus – –
27 3 233 2.74 Right Parahippocampal Gyrus Hippocampus (EC): 70% Hippocampus (EC)
54 3 230 2.63 Right Middle Temporal Gyrus – –
227 245 212 2.67 Left Furiform Gyrus – –
24 293 6 2.66 Right Middle Occipital Gyrus Area 17: 50% Area 17
33 233 48 2.64 Right Postcentral Gyrus Area 3a: 50% Area 3a
251 215 33 2.59 Left Postcentral Gyrus Area 3b: 50% Area 3b
245 26 33 2.5 Left Precentral Gyrus Area 4p: 30% Area 4p
215 51 36 2.41 Left Superior Frontral Gyrus – –
257 221 29 2.27 Left Middle Temporal Gyrus – –
248 224 215 2.27 Left Middle Temporal Gyrus – –
260 236 0 2.26 Left Middle Temporal Gyrus – –
Conventions like in table 1.
doi:10.1371/journal.pone.0000259.t002..
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movement sequences such as those required for playing the piano
melodies in our study. Additionally, the sound-action associations
investigated by Gazzola et al. [1] were established over long
periods – months to years - before the experiment. The activation
of the anterior insula observed in our study may therefore
represent an early stage of auditory-motor learning, which may be
later consolidated into a different network more similar to the one
identified by Gazzola and co-workers [1].
The idea that long-term training for the paradigm used in our
study would induce other changes than those seen after a single,
short training session is also supported by two studies that have
used similar melody learning paradigms and have tracked the
ensuing brain response differences over multiple training sessions
[3,5]. In the following we will however mainly focus the discussion
on the effects that were reported after the first training session.
Bangert and colleagues [3] have investigated cortical activation
patterns using DC-EEG-recordings obtained in subjects who
passively listened to a musical piece before and after subjects
learned to play the melody on the piano with their right hand. The
scalp topography of slow DC-potential changes evoked by
passively listening to the musical piece was recorded from 30
electrode positions. Two groups were investigated: one using
a piano with a conventional key-to-pitch assignment (as in our
study), and one group with a random assignment. Differences in
slow EEG potentials were found before and after the first training
session that were particularly wide-spread in the subject group
with conventional key-to-pitch assignment. How do these results
compare with the fMRI activations that we observed in the present
study? With regard to the anterior insular activation, it is difficult
to predict whether and how neuronal activity in this region would
show up in scalp surface EEG recordings. Generally, there is good
evidence that deep cortical sources can contribute to the scalp
EEG (cf. the cingulate motor area sources [37]). Source re-
construction results also suggest the principal existence of
Table 3. Summary of peak locations of BOLD signal change positively correlated to the number of learning trials the subjects
needed before reaching the learning criteria (p,0.05, K.50, Z-scores.2.25).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MNI-Coordinates (x/y/z) Z-Scores Brain region Probability Assigned to
18 29 29 2.76 Right Medial Temporal Lobe Hippocampus: 10%; Amygdala: 10% –
215 12 26 2.51 Left Putamen – –
24 227 227 2.38 Right Cerebellum – –
230 284 233 3.15 Left Cerebellum – –
215 269 251 2.5 Left Cerebellum – –
242 269 236 2.48 Left Cerebellum – –
221 54 0 2.75 Left Superior Frontal Gyrus – –
24 281 242 2.75 Right Cerebellum – –
33 260 251 2.54 Right Cerebellum – –
218 233 224 2.5 Left Cerebellum – –
33 33 26 2.37 Right Inferior Frontal Gyrus (pars orbitalis) – –
Conventions as in table 1.
doi:10.1371/journal.pone.0000259.t003..
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Table 4. Summary of peak locations of BOLD signal change negatively correlated to the number of learning trials the subjects
needed before reaching the learning criteria (p,0.05, K.50, Z-scores.2.25).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MNI-Coordinates (x/y/z) Z-Scores Brain region Probability Assigned to
30 251 75 2.72 Right Superior Parietal Lobule – –
42 18 227 3.1 Right Temporal Pole – –
51 18 218 2.57 Right Temporal Pole – –
212 221 54 2.88 Left Dorsal Premotor Cortex Area 6: 40% Area 6
29 26 42 2.88 Left Middle Cingulate Cortex Area 6: 10% –
0 21 18 2.81 Anterior Cingulate Cortex – –
239 12 36 2.78 Left Middle Frontal Gyrus Area 44: 20%
242 26 3 2.75 Left Rolandic Operculum – –
245 257 42 2.73 Left Inferior Parietal Lobule hIP1: 20% –
245 227 27 2.25 Left Parietal Operculum OP 1: 20% –
30 215 51 2.54 Right Dorsal Premotor Cortex Area 6: 60% Area 6
60 15 27 2.39 Right Frontal Gyrus (pars opercularis) Area 45: 40% –
45 3 45 2.27 Right Precentral Gyrus Area 6: 20% –
242 42 9 2.36 Left Inferior Frontal Gyrus (pars tringularis) Area 45: 10% –
30 251 75 2.72 Right Superior Parietal Lobule – –
Conventions as in table 1.
doi:10.1371/journal.pone.0000259.t004..
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significant insular contributions to the EEG recorded from the
surface of the scalp [38,39]. Although the exact generator sites of the
scalp potentials reported by Bangert and co-workers [3] can not be
determined by visual inspection of the reported data, it is in view of
the preceding considerations possible that some of the EEG changes
observed in this study might have originated in the insular cortex.
The wide-spread topography of the reported EEG changes, together
with the multiple frontal and temporal fMRI activation sites we have
obtained in our study at a low statistical threshold, indicate that
a rather widespread cortical network is additionally activated by
listening to a rehearsed as compared with an unrehearsed piece.
Further investigations will be needed to delineate this network and
the function of its nodes more thoroughly.
In a second study employing a melody learning paradigm,
D’Ausilio and colleagues [5] evaluated motor cortical excitability
using TMS during passive listening to piano melodies that were
previously rehearsed compared with control melodies. They found
increased motor cortical excitability for the rehearsed but not for
the unrehearsed pieces. Specifically, they found increased
intracortical facilitation (ICF) after the first learning session, and
increased ICF and motor evoked potentials (MEPs) after long-term
training. These findings give additional support to the view that
auditory-motor co-activations might be induced by a single short
training session. However, one may ask how these TMS findings
may be reconciled with the fact that neither the fMRI results of
our study nor those of Gazzola and co-workers [1] showed
primary motor cortex activation when subjects listened to action-
related sounds. Interestingly, similar discrepancies also exist for
everyday manual action sounds that elicited TMS effects [40] but
no primary motor fMRI effects [1] and also for action observation
in the visual domain: visual observation of natural hand move-
ments modulates MEPs recorded from hand muscles [41]. An
involvement of the primary motor cortex (M1) in visual action
observation was also indicated by source reconstruction of
magneto-encephalographic data [42]. In contrast, no M1
activation was found in several PET [43] and fMRI [44–46]
studies on visual action observation. An explanation for these
differences could be sensitivity differences between the methods
used, i. e. weak functional effects might already be evident when
applying TMS but not show up in fMRI. In this context it is also
interesting to note that in our study primary sensorimotor cortex
activation, but not anterior insular cortex activation, was
correlated with the tendency of the subjects to imagine hand
movement during listening to the actively learned melodies.
Therefore, between-study differences in the subjects’ tendency to
movement imagination may be an additional cause for whether or
not primary motor cortex involvement is found in different studies.
In addition to movement imagination, another potential
confounding factor for the type of study we have performed are
differences in familiarity between the actively and passively
learned melodies. In the studies by Bangert et al. [3] and
D’Ausilio et al. [5] the subjects’ familiarity with the different
melodies used as stimuli was not evaluated. In the present study,
we have assessed familiarity using a melody-variation detection
task (Fig. 2). A correlation analysis with the individual familiarity
differences between actively and passively learned melodies
showed correlations in multiple frontal and parietal regions, in
particular in Broca’s area (BA 45). Importantly, even at low
statistical threshold, no correlation was observed in the insular
cortex. The same was true for additional correlations with the
Table 5. Summary of peak locations of BOLD signal change positively correlated with individual familiarity-differences (familiarity
with actively learned minus passively learned melodies, p,0.05, K.50, Z-scores.2.25).
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
MNI-Coordinates (x/y/z) Z-Scores Brain region Probability Assigned to
33 272 48 3.43 Right Superior Parietal Lobule – –
36 269 36 2.89 Right Middle Occipital Gyrus – –
57 33 12 3.16 Right Frontal Gyrus (pars triangularis) Area 45: 80% Area 45
51 36 30 3.09 Right Middle Frontal Gyrus – –
236 266 48 2.72 Left Inferior Parietal Lobule – –
218 3 57 2.52 Left Superior Frontal Gyrus Area 6: 20% –
218 215 51 2.29 Left Superior Frontal Gyrus Area 6: 30% –
36 236 45 2.46 Right Postcentral Gyrus Area 2: 90% Area 2
24 9 69 2.31 Right Superior Frontal Gyrus – –
Conventions like in table 1.
doi:10.1371/journal.pone.0000259.t005..
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Figure 4. Relation of response peaks to the insular cortex
sensorimotor hand area. The likely position of the hand area of the
insular cortex was determined by a meta-analysis or previous fMRI
studies [16–35]. Activation likelihood estimates (ALEs, see Methods
section for further details) are color coded. The highest likelihood for
hand movement-related activation was in a region from approx. Y = 0 to
Y = 20 and from Z=210 to Z= 10. The peak locations of the present
study are indicated by white discs; numbers refer to the rows of Tab. 1.
Peak 2 was located in the region with high ALE. The dashed line
indicates the approximate outline of the left insula.
doi:10.1371/journal.pone.0000259.g004
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number of learning trials needed by the subjects to reach the
learning criterion and with the subjects’ tendency to movement
imagination. The primary visual cortex activation correlation
found in the later case might be related to the fact that subjects’
ratings regarding the mode of movement imagination were
predominantly visual. Our results lend therefore little support to
the possibility that familiarity differences, speed of learning, or
movement imagination made a major contribution to the
increased fMRI responses that we found in the insular cortex.
These responses in the insula overlapped with the insular
sensorimotor hand area as determined by a meta-analysis of
previous functional imaging studies [16–35]. It is thus possible that
the re-activation of movement representations acquired during the
preceding training session may be a mechanism underlying the
effects we have observed in the anterior insula, i. e. that these
effects represent a ‘mirror property’ of the insular cortex. The left
anterior insula contains a somatotopic motor map that includes
representations of finger, shoulder, and leg movement [47], and
has a role in speech production [48]. Furthermore, the anterior
insula has been found to be active during imagery of standing and
walking [49], and has been reported to be involved in the ‘sense of
agency’ of hand movement [50], that is, the experience of oneself
being the cause of an action, which is a fundamental aspect of
action representation. Additionally, hand-movement related re-
gional cerebral blood flow changes have also been found in the
fronto-opercular cortex [13]. Whether our findings have any
relation to the auditory ‘mirror neurons’ as described in macaque
premotor cortex that respond to both action execution and to
listening to the sounds related to the same action [51] remains to
be determined.
The present study is a first step toward delineating the exact
brain areas involved in short-time auditory-motor learning.
Several perspectives for further investigations on auditory-motor
learning arise from the present study: One would be to repeat the
present experiments with the left hand, or a similar experiment
with different body parts, in order to determine lateralization and
somatotopy of the ensuing effects. Such experiments could provide
more evidence for the postulated relation to learned movement
representations. A further perspective is to use functional imaging
for investigating the neuronal basis of auditory-motor learning
over longer periods of time and in relation to that of classical
motor learning, where specific changes occur on time scales
ranging from minutes to years [52,53].
ACKNOWLEDGMENTS
We thank Britta Roden for her helpful comments on this manuscript, and
Salina Gru¨nwald and Jens Armbruster for their help in searching the
literature for the meta-analysis. The MRI-compatible headphones were
provided by the University of Freiburg, by Prof. Ulrike Halsband, and the
‘YAMAHA Stiftung 100 Jahre e. V.’, Germany.
Author Contributions
Conceived and designed the experiments: TB IM. Performed the
experiments: TB IM. Analyzed the data: TB IM. Contributed reagents/
materials/analysis tools: TB IM AS VG ED OS. Wrote the paper: TB IM.
Other: Assisted in writing the paper: AS. Assisted in analyzing the data:
VG. Assisted in writing the paper: OS.
REFERENCES
1. Gazzola V, Aziz-Zadeh L, Keysers C (2006) Empathy and the somatotopic
auditory mirror system in humans. Curr Biol 16: 1824–1829.
2. Lotze M, Scheler G, Tan HR, Braun C, Birbaumer N (2003) The musician’s
brain: functional imaging of amateurs and professionals during performance and
imagery. Neuroimage 20: 1817–1829.
3. Bangert M, Altenmuller EO (2003) Mapping perception to action in piano
practice: a longitudinal DC-EEG study. BMC Neurosci 4: 26.
4. Mutschler I, Schulze-Bonhage A, Halsband U, Graef S, Martmueller R, et al.
(2005) Listening to melodies related to newly learned piano movement
sequences: changes in corticospinal excitability investigated using TMS.
Neuroforum, Supplement 1.
5. D’Ausilio A, Altenmuller E, Olivetti BM, Lotze M (2006) Cross-modal plasticity
of the motor cortex while listening to a rehearsed musical piece. Eur J Neurosci
24: 955–958.
6. Michel CM, Murray MM, Lantz G, Gonzalez S, Spinelli L, et al. (2004) EEG
source imaging. Clin Neurophysiol 115: 2195–2222.
7. Maeda F, Pascual-Leone A (2003) Transcranial magnetic stimulation: studying
motor neurophysiology of psychiatric disorders. Psychopharmacology (Berl) 168:
359–376.
8. Bohning DE, He L, George MS, Epstein CM (2001) Deconvolution of
transcranial magnetic stimulation (TMS) maps. J Neural Transm 108: 35–52.
9. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia 9: 97–113.
10. Litle P, Zuckerman M (1985) Sensation seeking and music performance.
Personality and Individual Differences 7: 575–577.
11. Mutschler I, Schulze-Bonhage A, Glauche V, Speck O, Ball T (2006) An
Investigation of Learning Effects on the Human ‘‘Echo-Neuron-System’’ Using
Functional MRI. Neuroimage 31, Supplement 1.
12. Zaitsev M, Hennig J, Speck O (2004) Point spread function mapping with
parallel imaging techniques and high acceleration factors: fast, robust, and
flexible method for echo-planar imaging distortion correction. Magn Reson Med
52: 1156–1166.
13. Fink GR, Frackowiak RS, Pietrzyk U, Passingham RE (1997) Multiple
nonprimary motor areas in the human cortex. J Neurophysiol 77: 2164–
2174.
14. Eickhoff SB, Stephan KE, Mohlberg H, Grefkes C, Fink GR, et al. (2005) A new
SPM toolbox for combining probabilistic cytoarchitectonic maps and functional
imaging data. Neuroimage 25: 1325–1335.
15. Eickhoff SB, Heim S, Zilles K, Amunts K (2006) Testing anatomically specified
hypotheses in functional imaging using cytoarchitectonic maps. Neuroimage 32:
570–582.
16. Aramaki Y, Honda M, Okada T, Sadato N (2006) Neural correlates of the
spontaneous phase transition during bimanual coordination. Cereb Cortex 16:
1338–1348.
17. Cunnington R, Windischberger C, Deecke L, Moser E (2002) The preparation
and execution of self-initiated and externally-triggered movement: a study of
event-related fMRI. Neuroimage 15: 373–385.
18. Ehrsson HH, Fagergren A, Jonsson T, Westling G, Johansson RS, et al. (2000)
Cortical activity in precision- versus power-grip tasks: an fMRI study.
J Neurophysiol 83: 528–536.
19. Ehrsson HH, Fagergren E, Forssberg H (2001) Differential fronto-parietal
activation depending on force used in a precision grip task: an fMRI study.
J Neurophysiol 85: 2613–2623.
20. Gerardin E, Pochon JB, Poline JB, Tremblay L, Van de Moortele PF, et al.
(2004) Distinct striatal regions support movement selection, preparation and
execution. Neuroreport 15: 2327–2331.
21. Indovina I, Sanes JN (2001) Combined visual attention and finger movement
effects on human brain representations. Exp Brain Res 140: 265–279.
22. Jantzen KJ, Steinberg FL, Kelso JA (2002) Practice-dependent modulation of
neural activity during human sensorimotor coordination: a functional Magnetic
Resonance Imaging study. Neurosci Lett 332: 205–209.
23. Johansen-Berg H, Matthews PM (2002) Attention to movement modulates
activity in sensori-motor areas, including primary motor cortex. Exp Brain Res
142: 13–24.
24. Kawashima R, Okuda J, Umetsu A, Sugiura M, Inoue K, et al. (2000) Human
cerebellum plays an important role in memory-timed finger movement: an fMRI
study. J Neurophysiol 83: 1079–1087.
25. Kiehl KA, Stevens MC, Laurens KR, Pearlson G, Calhoun VD, et al. (2005) An
adaptive reflexive processing model of neurocognitive function: supporting
evidence from a large scale (n = 100) fMRI study of an auditory oddball task.
Neuroimage 25: 899–915.
26. Kim JA, Eliassen JC, Sanes JN (2005) Movement quantity and frequency coding
in human motor areas. J Neurophysiol 94: 2504–2511.
27. Lamm C, Windischberger C, Leodolter U, Moser E, Bauer H (2001) Evidence
for premotor cortex activity during dynamic visuospatial imagery from single-
trial functional magnetic resonance imaging and event-related slow cortical
potentials. Neuroimage 14: 268–283.
28. Leube DT, Knoblich G, Erb M, Grodd W, Bartels M, et al. (2003) The neural
correlates of perceiving one’s own movements. Neuroimage 20: 2084–2090.
29. Macar F, Anton JL, Bonnet M, Vidal F (2004) Timing functions of the
supplementary motor area: an event-related fMRI study. Brain Res Cogn Brain
Res 21: 206–215.
Rapid Sound-Action Association
PLoS ONE | www.plosone.org 8 February 2007 | Issue 2 | e259
30. Martin RE, MacIntosh BJ, Smith RC, Barr AM, Stevens TK, et al. (2004)
Cerebral areas processing swallowing and tongue movement are overlapping but
distinct: a functional magnetic resonance imaging study. J Neurophysiol 92:
2428–2443.
31. Saini S, DeStefano N, Smith S, Guidi L, Amato MP, et al. (2004) Altered
cerebellar functional connectivity mediates potential adaptive plasticity in
patients with multiple sclerosis. J Neurol Neurosurg Psychiatry 75: 840–846.
32. Toma K, Ozawa M, Matsuo K, Nakai T, Fukuyama H, et al. (2003) The role of
the human supplementary motor area in reactive motor operation. Neurosci Lett
344: 177–180.
33. Vaillancourt DE, Thulborn KR, Corcos DM (2003) Neural basis for the
processes that underlie visually guided and internally guided force control in
humans. J Neurophysiol 90: 3330–3340.
34. Ward NS, Frackowiak RS (2003) Age-related changes in the neural correlates of
motor performance. Brain 126: 873–888.
35. Wiese H, Stude P, Nebel K, Forsting M, de Greiff A (2005) Prefrontal cortex
activity in self-initiated movements is condition-specific, but not movement-
related. Neuroimage 28: 691–697.
36. Turkeltaub PE, Eden GF, Jones KM, Zeffiro TA (2002) Meta-analysis of the
functional neuroanatomy of single-word reading: method and validation.
Neuroimage 16: 765–780.
37. Ball T, Schreiber A, Feige B, Wagner M, Lucking CH, et al. (1999) The role of
higher-order motor areas in voluntary movement as revealed by high-resolution
EEG and fMRI. Neuroimage 10: 682–694.
38. Stancak A, Mlynar J, Polacek H, Vrana J (2006) Source imaging of the cortical
10 Hz oscillations during cooling and warming in humans. Neuroimage 33:
660–671.
39. Pollatos O, Gramann K, Schandry R (2006) Neural systems connecting
interoceptive awareness and feelings. Hum Brain Mapp.
40. Aziz-Zadeh L, Iacoboni M, Zaidel E, Wilson S, Mazziotta J (2004) Left
hemisphere motor facilitation in response to manual action sounds.
Eur J Neurosci 19: 2609–2612.
41. Fadiga L, Fogassi L, Pavesi G, Rizzolatti G (1995) Motor facilitation during
action observation: a magnetic stimulation study. J Neurophysiol 73: 2608–2611.
42. Hari R, Forss N, Avikainen S, Kirveskari E, Salenius S, et al. (1998) Activation
of human primary motor cortex during action observation: a neuromagnetic
study. Proc Natl Acad Sci U S A 95: 15061–15065.
43. Decety J, Grezes J, Costes N, Perani D, Jeannerod M, et al. (1997) Brain activity
during observation of actions. Influence of action content and subject’s strategy.
Brain 120( Pt 10): 1763–1777.
44. Buccino G, Binkofski F, Fink GR, Fadiga L, Fogassi L, et al. (2001) Action
observation activates premotor and parietal areas in a somatotopic manner: an
fMRI study. Eur J Neurosci 13: 400–404.
45. Buccino G, Vogt S, Ritzl A, Fink GR, Zilles K, et al. (2004) Neural circuits
underlying imitation learning of hand actions: an event-related fMRI study.
Neuron 42: 323–334.
46. Costantini M, Galati G, Ferretti A, Caulo M, Tartaro A, et al. (2005) Neural
systems underlying observation of humanly impossible movements: an FMRI
study. Cereb Cortex 15: 1761–1767.
47. Fink GR, Frackowiak RS, Pietrzyk U, Passingham RE (1997) Multiple
nonprimary motor areas in the human cortex. J Neurophysiol 77: 2164–2174.
48. Blank SC, Scott SK, Murphy K, Warburton E, Wise RJ (2002) Speech
production: Wernicke, Broca and beyond. Brain 125: 1829–1838.
49. Jahn K, Deutschlander A, Stephan T, Strupp M, Wiesmann M, et al. (2004)
Brain activation patterns during imagined stance and locomotion in functional
magnetic resonance imaging. Neuroimage 22: 1722–1731.
50. Farrer C, Frith CD (2002) Experiencing oneself vs another person as being the
cause of an action: the neural correlates of the experience of agency.
Neuroimage 15: 596–603.
51. Kohler E, Keysers C, Umilta MA, Fogassi L, Gallese V, et al. (2002) Hearing
sounds, understanding actions: action representation in mirror neurons. Science
297: 846–848.
52. Karni A, Meyer G, Rey-Hipolito C, Jezzard P, Adams MM, et al. (1998) The
acquisition of skilled motor performance: fast and slow experience-driven
changes in primary motor cortex. Proc Natl Acad Sci U S A 95: 861–868.
53. Petersen SE, van Mier H, Fiez JA, Raichle ME (1998) The effects of practice on
the functional anatomy of task performance. Proc Natl Acad Sci U S A 95:
853–860.
Rapid Sound-Action Association
PLoS ONE | www.plosone.org 9 February 2007 | Issue 2 | e259
